The phenolic contents of eight in-vitro-cultivated chestnut clones (Castanea sativa Mill. and C. sativa × C. crenata Siebold & Zucc. hybrids) were analyzed both qualitatively and quantitatively. The aim of the work was to identify potential phenolic markers of: (i) juvenile or mature state; (ii) topophysical origin; and (iii) rooting capacity. A condensed tannin was detected in mature material but not in juvenile material, indicating that it could be used as a qualitative marker. Other qualitative phenolic differences were found between basal shoots and crown shoots of some clones, but it was not possible to discriminate among these materials in a general way. Canonical discriminant analysis was used for the study of quantitative markers. Differentiation between mature and juvenile material, and between materials differing in in vitro rooting capacity was possible according to the results of the analysis. Nevertheless, no significant quantitative differences were found between the phenolic content of material of basal shoot origin and that of crown shoot origin, indicating that the greater juvenility of material of basal origin compared with that of crown origin was not reflected in differences in phenolic content.
Introduction
Maturation (ontogenetic ageing) is linked to development in higher plants. The decline in adventitious root formation capacity during maturation is of great interest because it hinders the propagation of elite trees, which cannot be identified until they express their potential value at maturity. The selection of reactive material (i.e., tissue with juvenile physiological characteristics) within the structure of a mature tree may be a means of overcoming this difficulty.
The criteria for reactive material are morphological or positional. Despite the inherent variability in morphological characteristics, morphological markers (shoot angle, stem length, stem diameter, leaf number and shoot number) of juvenility and maturity have been found in shoot cultures of oak (McGowran et al. 1998) . Although the use of biochemical or molecular markers could probably complement the use of morphological markers, a lack of knowledge of the physiological and genetic mechanisms that control differences between juvenile and mature states is a limitation to the selection of such markers (Davies and Hartman 1988) .
Among the biochemical compounds that have been used as markers are polyphenols. Jay-Allemand et al. (1988) found three ratios among five polyphenols that were associated with rejuvenation in walnut. Subsequently, Claudot et al. (1992) found that hydrojuglone glucoside and myricitrin are good markers of physiological age in walnut. Furthermore, increases in the activities of enzymes associated with the synthesis of polyphenols such as phenylalanine-ammonia-lyase and chalcone synthase have been demonstrated in juvenile material (Claudot et al. 1993 ). On the other hand, the mature phase of Hedera helix L. is characterized by a lack of dihydroflavonol reductase activity, which results in a lack of anthocyanins in mature tissues (Murray and Hackett 1991) .
The study of biochemical markers of maturation in trees has also been limited by the lack of adequate experimental models. Hedera helix is an excellent model because of the coexistence in the same plant of easily distinguishable juvenile and mature tissues. We have developed a comparable in vitro system, using chestnut (Castanea spp.) as a model plant. In vitro shoot cultures of several clones were initiated from material simultaneously collected from the crown of mature (22--80 years old) trees and from basal shoots of the same trees. The morphogenic capacities of both types of shoots were recorded, and higher multiplication and rooting rates were observed in basalderived shoots than in crown-derived shoots (Sánchez 1991 , Sánchez and Vieitez 1991 , Ballester et al. 1996 .
The objective of the present work was to establish the relationship between phenolic content of in-vitro-cultured chestnut shoots from eight clones and their state of maturation.
Materials and methods

Plant material and culture conditions
Shoot culture lines were established in vitro from shoots collected from the base (BS) and crown (CR) of 80-year-old (Clones P1 and P2), 50-year-old (Clone A2), and 40-year-old (Clone A3) trees of Castanea sativa Mill, and 30-year-old (Clone HV) and 22-year-old (Clone 431) trees of C. sativa × C. crenata Siebold & Zucc. hybrids. Details of in vitro establishment, multiplication and rooting of this plant material have previously been reported (Sánchez 1991, Sánchez and Vieitez 1991) . Two juvenile clones (J1 and J2) were established in vitro in 1996 from 2-month-old greenhouse grown seedlings (seeds were collected from open pollinated trees) according to the procedures outlined by Fernández-Lorenzo (1997) .
All culture lines were maintained in vitro by subculturing every 4--5 weeks in Gresshoff and Doy medium (Gresshoff and Doy 1972) 
Extraction and analysis of phenolic compounds
Fifteen to 20 BS and CR shoots of each clone were collected at the end of a multiplication cycle. Whole shoots with leaves but without basal callus were immersed in liquid nitrogen, freeze-dried and ground to a fine powder and immediately subjected to extraction following the protocols described by Jay-Allemand (1985) and Jay-Allemand et al. (1988) with modifications. Fifty mg dry mass (dm) was extracted with 2 ml of 80% acetone, 20% water and 10 −4 M 6-methoxyflavone as internal standard. The mixture was subjected to an ultrasound bath for 30 min and then centrifuged at 14,700 g for 20 min. Five hundred µl of the supernatant was collected and evaporated to dryness in a speed-vac and the residue was redissolved in 250 µl of methanol. The methanolic extract was centrifuged for 3 min at 14700 g and stored at −40 °C before analysis, which was always performed within 48 h. The extraction procedure was highly reproducible and the coefficient of variation (calculated from the amount of the internal standard for six replicates of the same sample) never exceeded 5%. Methanolic extracts (20 µl) were subjected to HPLC on a reverse phase column of Lichrosphere 100RP-18, 250 × 4 mm. The mobile phase (flow rate 1 ml min −1 ) consisted of solvent A (water + 1% acetic acid) and solvent B (methanol:acetonitrile; 1:1) with the following gradient elution: initial conditions 15% B, 15% B to 40% B in 20 min, 40% B to 60% B in 5 min and 60% B to 100% B in 5 min. The compounds were detected by their absorbance at 280 or 340 nm, with a UV-Visible detector (Beckman Diode Array Detector-Module 168; Beckman, Mississauga, ON, Canada).
Polyphenols were characterized on the bases of their retention time and spectrophotometric characteristics, compared with those of the standards. Based on these data, the polyphenols were grouped into five molecular families: ellagic tannins (ET 1--4), condensed tannins (CT 1--7), phenolic acids and derivatives (PA), ellagic acid derivatives (EA 1--6) and flavonols (F 1--3). The structures of three compounds (X1, X2, and X3) were undetermined. The concentration of each isolated peak was calculated in relation to the 6-methoxyflavone as standard and is expressed as µg of 6-methoxyflavone per g of dry mass. These data (transformed) were used for canonical discriminant analysis.
Canonical discriminant analysis (CDA)
Canonical discriminant analysis (Bachacou et al. 1981 ) was performed with SPSS for Windows (SPSS Inc., Chicago, IL). For this analysis, the concentration data for 24 phenolic compounds were considered as independent variables. Starting from these variables, the CDA establishes linear functions (canonical discriminant functions) that facilitate maximum discrimination between preestablished groups, assigning a coefficient to each variable. Ratios were calculated starting from the phenolic compounds with the highest coefficients and their discrimination capacity was evaluated.
For discriminant analysis, the plant material was grouped as: (1) shoots from seedling origin versus shoots from mature (regardless of whether they were BS or CR shoots) origin; (2) BS-derived shoots versus CR-derived shoots; (3) BS derived shoots + shoots from seedling origin versus CR-derived shoots; and (4) shoots grouped according to their rooting capacity (high, intermediate and low).
Results
Morphogenic characteristics of the plant material
Morphogenic characteristics of the in vitro plant material are summarized in Table 1 (Sánchez 1991 , Sánchez and Vieitez 1991 , Ballester et al. 1996 , Fernández-Lorenzo 1997 . The multiplication capacity of explants that were established in vitro from material collected at the base of the tree (BS cultures) was higher than that of explants established from material collected from the crown branches of the same adult tree (CR cultures). Differences were also evident in the rooting rates achieved. In two specific clones, P1 and P2, the rooting rates of BS shoots were similar to those of the clones of seedling (juvenile) origin (J1 and J2). According to these morphogenic data, the BS cultures, which were established in vitro from mature trees, exhibit a more juvenile character than the CR cultures.
Qualitative polyphenol analysis
Among the peaks detected at 280 and 340 nm in the chromatographic analysis, 24 peaks corresponding to phenolic compounds were selected. Figure 1 shows the results of the analysis of BS and CR shoots of clone P2. Figure 2 shows the presence or absence of the 24 compounds detected in the eight clones studied. Based on these results, it was not possible to discriminate qualitatively between BS shoots and CR shoots when the six mature clones were compared. Nevertheless, in specific clones (P1, P2 and A2) it was possible to detect qualitative differences between BS and CR shoots. For example, in BS shoots of Clone P1, no ET3 and PA compounds were detected, whereas they were present in CR shoots. In Clone P2, the ET4 and PA compounds were not detected in BS shoots, but they were detected in CR shoots. The CT1 compound was not present in the seedling-derived clones (J1 and J2), which are the only clones of truly juvenile origin, whereas it was present in all of the clones of mature origin, and in both BS and CR shoots. This result suggests that CT1 could be used as a qualitative marker of the juvenile/mature state of the material.
Quantitative polyphenol analysis
Seedling material versus mature material The use of phenolic compounds as quantitative markers to differentiate adult clones (P1, P2, A2, A3, HV and 431 independently of its topophysical origin) from juvenile clones (J1 and J2) was tested. The CDA calculated a discriminating function (P < 0.001) made up of 12 variables (corresponding to 12 phenolic compounds) that groups the clones according to their mature or juvenile state. Starting from these compounds, ratios were calculated that were independently subjected to a further CDA. The most efficient ratio (significant at P < 0.0001) was ET1 + ET2/ET3 + ET4 + EA3, permitting the discrimination of a juvenile or adult character of the shoots in 100% of cases (Table 2 ). According to this ratio, the juvenile clones, J1 and J2, had values that were significantly higher than those of the mature clones.
Basal shoots versus crown shoots
We compared the phenolic content of the material derived from basal shoots with that derived from crown shoots of clones P1, P2, A2, A3, HV and 431. The CDA calculated a discriminating function (P < 0.1) made up of 10 variables that grouped the clones correctly with respect to their topophysical origin. Starting from these compounds, ratios were calculated that were independently subjected to a further CDA ( Table 2) . None of the ratios discriminated correctly between the BS group and the CR group in a significant manner. We concluded that it is not possible to use a discriminating function based on the topophysical origin of the shoots analyzed.
Seedling + basal shoots versus crown shoots
We compared CR shoots with BS shoots expressing a morphogenetic juvenile character and with material from the juvenile clones J1 and J2. The CDA obtained a canonical discriminating function that enabled differentiation between the two groups, but with low significance (P < 0.2). Hence we concluded that, based on the data on phenolic content, it is not possible to demonstrate that the BS shoots have a greater degree of similarity to the material of juvenile origin than the CR shoots.
Polyphenols as markers for rooting capacity
The clones were classified into three main categories based on their rooting capacities: high rooting capacity (Clones P1 BS, P2 BS, J1 and J2, with rooting rates higher than 87%), intermediate rooting capacity (clones A2 BS, A3 BS and 431 BS, with rooting rates of 43--54%), and low rooting capacity (clones P1 CR, P2 CR, A2 CR, A3 CR, HV CR, HV BS and 431 CR, with rooting rates 0−20%) ( Table 1) .
The CDA calculated two canonical discriminant functions that allowed these three groups to be differentiated according to their phenolic content. The first of these functions, with a significance of P < 0.001, was made up of nine variables and explained 91.09% of the variance between the established groups. Consequently, this function was selected to calculate ratios that might serve as markers. Among the ratios examined, the ratio ET4/EA6 showed the highest discrimination capacity (78.6%) ( Table 2) , with a high significance (P < 0.05). Although this ratio is not 100% reliable as a rooting capacity marker, it provides evidence that the phenolic content of shoots influences their in vitro rooting capacity. The quotient ET4/EA6 could be useful for detecting clones with high rooting capacity.
Discussion
The usefulness of polyphenols as markers in chemotaxonomy, enabling differentiation between orders, families and even cultivars, has previously been demonstrated (Van Sumere et al. 1993) . The most useful applications have been made on the basis of presence or absence of polyphenolic compounds rather than on quantitative distinctions. The reason for this, according to Forrest (1994) , is that the majority of diagnostic plant phenolics are the end-products of complex metabolic pathways that are particularly susceptible to environmental and ontogenic influences such as light regime, carbon/nitrogen balance and the state of plant development. Other problems associated with the use of plant phenolics as markers include the type of plant material (whole shoots, leaves, buds, etc.) used and the extraction procedure employed.
The experimental in vitro system that we used minimizes these problems because the in vitro conditions can be controlled. In contrast, Jay-Allemand et al. (1988) studied the biochemical attributes associated with rejuvenation in walnut grown under field conditions, where environmental conditions are variable. The extraction system used in our work had a low variation coefficient and the reproducibility of the chromatographic system was high. Differences in phenolic content were found when leaves and leafless shoots of BS and CR material were analyzed separately. Differences in phenolic content were also observed when the shoots were divided into four sections (apical, sub-apical, sub-basal and basal) (Fernández-Lorenzo 1997) . These differences were not related to the ontogenic state of the plant material, but to the nature of the tissue analyzed, indicating the need to define precisely the experimental conditions when comparisons are made. Intraclonal differences in phenolic content represent another source of variation. We calculated this variation (data not shown) by analyzing the phenolic content of individual shoots. Although some of the compounds analyzed had high variation coefficients, there was a high correlation (r 2 = 0.5) between the majority of the compounds for different shoots. Similarly, Jay-Allemand et al. (1995) found important intraclonal variations in the miricitrin and juglone contents of in-vitro-cultivated walnut, but because the correlation between the contents of both compounds for different shoots was high (r 2 = 0.6), they concluded that the juglone/miricitrin coefficient could be used as a marker of the degree of juvenility.
The phenolic patterns enabled the detection of qualitative differences, not only between clones, but also between different topophysical origins within the same adult clone. However, the CT1 compound (condensed tannin) provided the most conclusive result being present in extracts of all adult clones and absent in extracts of the two juvenile clones studied. The reliability of this compound as a marker of the juvenile/mature state in chestnut needs to be corroborated by testing a greater number of clones. On the other hand, flavonols, which have been used to differentiate cultivars in tree species including walnut (Jay-Allemand et al. 1989 ) and oak (McDougal and Parks 1986) , did not serve as qualitative markers in our study. The three flavonols detected were found in all the clones analyzed.
The quantitative analysis of phenolic content enabled differentiation between clones of juvenile and mature origin, with the ratio ET1 + ET2/ET3 + ET4 + EA3 providing the best discrimination based on CDA. The differences in phenolic content between juvenile and mature material could be associated with differences in the composition of epidermal tissues, because ellagitannins are present in significant amounts in chestnut bark (Scalbert et al. 1989) . According to the polyphenol data, the presumed juvenile character of BS-derived in-vitro-shoots was not comparable to the truly juvenile character of seedling shoots. The greater morphogenic capacity of BS shoots compared with CR shoots observed in vitro may be the result of tissue reinvigoration, which need not necessarily be related to phenolic metabolism. This idea is supported by the finding that, when the phenolic contents of BS and CR shoots of the six adult clones were compared, the CDA did not discriminate the topophysical origin of the shoots established in vitro. Thus, in our experimental in vitro system, polyphenols could not be used as markers of topophysical development.
Although the adventitious rooting capacity of plant material is conditioned by the genotype, parts of an individual tree can have greater rooting capacity than others. Thus, we found that, in the six mature clones studied, the BS shoots always had a higher rooting rate than their CR counterparts. However, it remains to be demonstrated unequivocally that this greater rooting capacity equates to a greater degree of juvenility (cf. Ununger and Ekberg 1987, Howard, 1994) . Our CDA of the data showed that a linear combination of the concentration values of nine phenolic compounds allowed (intra-and interclonal) distinctions as a function of the rooting capacity of the material being examined. The maximum simplification of this function can be expressed by the ratio ET4/EA6, which was the most reliable marker of those examined. This ratio showed a marked tendency toward giving the lowest values for the material with the highest rooting capacity. Similarly, Jay- Allemand et al. (1995) found a highly significant positive relationship between the concentration of juglone and the rooting capacity of in-vitro-cultivated walnut shoots.
We conclude that the phenolic content of shoots can be used to differentiate between juvenile material from seedling origin and mature material. However, differentiation at the intraclonal level is not possible, unless the clones are first placed in groups based on their in vitro rooting capacity. The difficulty in finding reliable biochemical markers (polyphenols) of the maturation state is comparable to the difficulty in finding stable morphological markers (McGowran et al. 1998 ). Other investigators have suggested that proteins may be more reliable markers (Bon 1988 , Amo-Marco et al. 1993 , Hand et al. 1996 ; however, findings have been inconclusive to date. We are now using the mRNA differential display strategy to study phase-change-related genes in BS and CR chestnut shoots.
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